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One-neutron knockout data for 18−22N are analyzed in the eikonal approximation of the Glauber model. The
role of the s-d shell and the crossing of the N = 14 neutron subshell are discussed. Of particular interest is
the nucleus 22N, where the knockout data provide a sensitive experimental test for a possible halo structure of
its ground state. The observation of a narrow momentum distribution of the 21N fragments, together with an
essential 1s1/2 contribution needed to describe the observed longitudinal-momentum distribution, allow the firm
conclusion that the ground state of 22N is a well-developed nuclear halo. The results also show that the N = 14
subshell in 22N is somewhat reduced as compared to that of 23O.
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I. INTRODUCTION
There has recently been a renewed interest in the structure
of the most neutron-rich oxygen isotopes, both experimentally
and theoretically. The absence of bound oxygen isotopes
beyond N = 16 is well known, but the question of whether
there is a shell closure at this neutron number has only lately
been established. Neutron-knockout reactions showed early
on [1] that the valence neutron in 23O mainly occupied the
1s1/2 orbit, and results from a recent similar experiment for
24O [2] showed that the last two neutrons are in an almost pure
(1s1/2)2 configuration. This fact, together with the observation
of the first excited 2+ state in 24O [3] at 4.7 MeV, gives
firm proof of an unconventional shell closure at N = 16.
In this work, a related problem is addressed, namely, the
role of the 1s1/2 orbit for the structure of 22N, which is
the isotone of 23O. This is done in a theoretical analysis
of the experimental momentum distributions of fragments
after one-neutron knockout reactions from a chain of nitrogen
isotopes measured at GSI [4,5], ranging from A = 18 to 22.
The role of the s-d shell and the crossing of the N = 14 neutron
number are discussed with special emphasis on the possible
halo structure of 22N.
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The first observation of 22N, with isospin projection
of 4, was done by Westfall et al. [6] in the pioneering
nuclear fragmentation experiments with a 212 MeV/nucleon
48Ca beam. Its half life, the beta-delayed neutron-emission
probabilities Pn [7], and its mass [8] were measured at the
Grand Acce´le´rateur National d’Ions Lourds (GANIL). The
production cross section for 22N, using a relativistic 40Ar
primary beam, was measured at GSI as 23.9(7.3) nb [9].
The interaction cross section of 22N was determined to be
1245(49) mb [10], which was interpreted as an extended
matter distribution in the 22N ground state [11]. The reaction
cross section and strong absorption radius were explored
for neutron-rich light nuclei, including 22N, by Khouaja
et al. [12]. Detailed in-beam gamma spectroscopy, based
on the use of two-step reactions, was performed by Sohler
et al. [13] and provided decay schemes for the neutron-rich
nitrogen isotopes, including the case of 22N. Strongman et al.
[14] studied neutron-unbound states in 22N, and drew some
conclusions about a possible reduction of the N = 14 shell
gap for the nitrogen chain. Finally, a recent experiment at the
National Superconducting Cyclotron Laboratory (NSCL) [15]
measured the β decay of 22N, determining the complex level
scheme of its daughter, 22O. These data also showed a large
Gamow-Teller strength to a highly excited state in 22O, in
analogy with the β decay of the two-neutron halo nucleus 11Li
to an excited state in 11Be at 18.5 MeV [16].
II. EXPERIMENT
The experimental data for 18−22N analyzed in this work
were obtained in the experiment performed with the fragment
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separator (FRS) spectrometer [17] at GSI. The nitrogen
isotopes were produced in projectile fragmentation of a fully
ionized 40Ar primary beam, accelerated in the heavy-ion
synchrotron (SIS) to 700 MeV/nucleon and then impinging
on a 4 g/cm2 Be target placed at the entrance of the FRS.
The nitrogen isotopes were separated in the first half of the
FRS. A reaction target of 1720 mg/cm2 9Be was placed at the
intermediate focal plane and the analysis of the one-neutron
knockout fragments was performed in the second half of
the FRS. Details of the experimental setup and the analysis
procedure can be found in [4,5].
III. RESULTS
The results obtained for the one-neutron removal cross
sections and longitudinal-momentum distributions of the A-1
fragments are summarized in Table I. A special comment is
needed to understand how the cross sections were obtained.
They were directly calculated from the ratio between the num-
ber of incident projectiles and the fragments passing through
the FRS. This ratio was corrected for the limited transmission,
the detection efficiency, and the contributions from secondary
reactions in the material surrounding the reaction target. The
experimental values for the latter contribution were measured
in the cases 18−20N by running the experiment without target,
and are taken into account in the third column of Table I.
The corrections for the heavier nitrogen isotopes, 21,22N, were
then extrapolated and were taken as a 30% reduction. The
widths deduced from the measured longitudinal-momentum
distributions are given in the fourth column of Table I. Note
that there are changes in the numerical values with respect
to Ref. [5], since a more realistic Glauber-type model was
adopted in this work.
The theoretical interpretation of the results presented
above is done using calculations performed in the eikonal
approximation of the Glauber model. Such an approach
is justified since the data discussed here were obtained at
high energy, where the eikonal approximation [18] is the
proper theoretical tool. This is thus a convenient approach
for the description of the momentum distributions of the core
TABLE I. Experimental values of the inclusive one-neutron
knockout cross sections and widths of the fragment longitudinal-
momentum distributions. For those entries labeled as ∗ in the third
column, no empty-target measurements were available and the
corrections of the cross sections were extrapolated. The full width
at half maximum (FWHM) values given in the fourth column differ
slightly from the ones published in Ref. [5] because more accurate
descriptions of the longitudinal-momentum distributions were used
in this work.
Isotope σ−1n (mb) σ corrected−1n (mb) FWHM (MeV/c)
18N 89 ± 9 64 ± 9 128 ± 8
19N 90 ± 10 65 ± 10 160 ± 4
20N 105 ± 13 71 ± 13 175 ± 16
21N 112 ± 16 79 ± 16∗ 160 ± 32
22N 137 ± 34 97 ± 34∗ 77 ± 32
fragments and the corresponding cross sections in one-nucleon
stripping. The method has been discussed earlier [18] and
has been used successfully in calculations of, for example,
the 9Be (11Be, 10Be) reaction [19,20]. In this model, the
determination of realistic profile functions Si (i = core, n),
and the core-nucleon wave functions are the major points for
the calculations. In the present analysis, the wave functions
were obtained as solutions of the Schro¨dinger equation with a
Woods-Saxon potential, which is well suited for one-neutron
halo systems. The width of the potential was chosen equal to
the rms radius of the nucleus, given in Ref. [10]. The depth
of the potential was fitted to the valence-neutron separation
energy. The profile function was calculated using NN cross
sections, as in Ref. [21]. The Be target-density distribution
was approximated within the harmonic oscillator model (see
Ref. [22]) with the parameters a = 1.694 fm and α = 0.549.
The core-density distribution was approximated by a two-
parameter Fermi model [22], fitted to reproduce the core-target
interaction cross section, given in [10]. The interaction cross
section of the excited core was calculated as the cross section
of the system with mass (A-2) plus one neutron.
Generally, the structure of nitrogen isotopes, with an odd
number of protons, is substantially more complicated than the
case of even-proton-number isotopes (i.e., oxygen). For the
heavy nitrogen isotopes, the seventh proton occupies the 0p1/2
orbit, while the neutrons in all cases belong to the s-d shell,
which results in negative parity states for all of the explored
configurations.
A summary of the theoretical fits to the data is presented
in Table II for 18−22N. The spin and parity of the analyzed
nuclei are included in the first column. The second and third
columns give the energy and spin parity of the core states
included in the fit. The fifth column gives the orbital angular
momentum of the neutron that is assumed to be coupled to
the different core configurations. The last column gives the
relative weights of the contributions from the ground state
and the first excited state of the core obtained from the fits
TABLE II. Calculated contributions of core (Ecore, I πcore) ⊗ n(l)
configurations in the structure of 18−22N isotopes. The fourth column
gives references to the level schemes of the core nuclei used in the
calculations. The errors given in the sixth column were directly
obtained from the fit of the experimental data to the theoretical
distributions and do not include model dependences.
Isotope (Iπ ) Ecore (MeV) Iπcore Ref. l Weight
18N (1−) 0.0 1/2− [23] 0 0.31 ± 0.01
1.37 3/2− 2 0.69 ± 0.01
19N (1/2−) 0.0 1− [24] 0 0.31 ± 0.01
0.115 2− 2 0.69 ± 0.01
20N (2−) 0.0 1/2− [13] 2 0.83 ± 0.03
1.143 3/2− 0 0.17 ± 0.03
21N (1/2−) 0.0 2− [13] 2 0.68 ± 0.03
1.336 1− 0 0.32 ± 0.03
22N (0−)a 0.0 1/2− [13] 0 0.45 ± 0.10
1.177 3/2− 2 0.55 ± 0.10
22N (0−)b 0.0 1/2− [13] 0 0.48 ± 0.10
2.405 5/2− 2 0.52 ± 0.10
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FIG. 1. (Color online) Longitudinal-momentum distributions of fragments after neutron-knockout of 18−21N. The curves correspond to
theoretical calculations in an eikonal Glauber model folded with the experimental resolution. The dotted and dashed lines correspond to the
coupling of the core to an s1/2 and a d5/2 neutron, respectively, and the solid curve to their sum.
to the data. These weights give part of the total one-neutron
removal cross section (in Table I) connected to the ground-
state or excited-state coupling. In the case of 22N, two cases
were considered: first, the coupling to the first excited state of
21N, with Iπ = 3/2−, referred to as case (a), and second, the
coupling to the second excited state in 21N, with Iπ = 5/2−,
referred to as case (b). Figure 1 shows the results of the fits
for 18−21N. For 18,19N, the main contribution comes from a
d5/2 neutron coupled to an excited state of the core. For the





















FIG. 2. (Color online) Longitudinal-momentum distributions of
fragments after neutron-knockout of 22N. The curves correspond to
theoretical calculations in an eikonal Glauber model folded with the
experimental resolution. The dotted and dashed lines correspond to
the coupling of the core to an s1/2 and a d3/2 neutron, respectively,
and the solid curve to their sum.
is broken so that the strongest component of the wave function
instead comes from a d5/2 neutron coupled to the ground state
of the corresponding core.
Figure 2 shows the result of the fit to the 22N data for the
case (a) in Table II, where a s1/2 neutron is coupled to the
ground state of the 21N core and a d3/2 neutron is coupled
to the first excited state, at 1.177 MeV. A separate figure is
not included for the case (b), where the coupling of a d5/2
neutron to the second excited state of 21N was considered,
since there is no observable difference. The contributions from
the coupling to the ground state and the first (second) excited
state of the core have roughly equal probabilities. It should
be pointed out here that without the measurement of gamma-
ray coincidences, it is not possible to distinguish between the
cases (a) and (b).
IV. CONCLUSIONS
The following main conclusions might be drawn from this
analysis: (i) For the A = 18–21 neutron-rich nitrogen isotopes,
the main contribution to the ground-state wave function comes
from the coupling of d5/2 shell neutrons to the core. For the
18,19N cases, the valence neutron couples to low-lying excited
states, while it couples to the ground state for 20,21N. An
explanation for this might be that the d state is more pure in the
vicinity of N = 14, while the structures of the lighter isotopes
are more complex. (ii) For 22N, the fit needs similar amounts of
s1/2 and d3/2(5/2) contributions, with the s contribution coupled
to the ground state of the core. This result indicates that the
role of the s-wave neutron is also important here, but much
less pronounced than in 23,24O, where the s state is dominating.
(iii) A clear reduction of the full width at half maximum
(FWHM) of the longitudinal-momentum distribution of the
fragments in the one-neutron knockout of 22N with respect
to the lighter projectiles is also observed (see Table I and
Fig. 2). This reduction directly reflects the change from a
0d5/2 valence-neutron configuration to 1s1/2 when crossing
N = 14. (iv) These data provide the first measurement of
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one-neutron knockout from the drip-line nucleus 22N, which
has been proposed as a possible one-neutron halo candidate in
several papers [25–28]. The more advanced analysis of the data
published in Ref. [5] given here, together with earlier results,
allows one to conclude that the 22N ground state exhibits a
halo structure. The results also show that the N = 14 subshell
in 22N is somewhat reduced as compared to that of 23O.
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